Methods that more quickly locate leakages in natural gas pipelines are urgently required. In this paper, an improved negative pressure wave method based on FBG based strain sensors and wavelet analysis is proposed. This method takes into account the variation in the negative pressure wave propagation velocity and the gas velocity variation, uses the traditional leak location formula, and employs Compound Simpson and Dichotomy Searching for solving this formula. In addition, a FBG based strain sensor instead of a traditional pressure sensor was developed for detecting the negative pressure wave signal produced by leakage. Unlike traditional sensors, FBG sensors can be installed anywhere along the pipeline, thus leading to high positioning accuracy through more frequent installment of the sensors. Finally, a wavelet transform method was employed to locate the pressure drop points within the FBG signals. Experiment results show good positioning accuracy for natural gas pipeline leakage, using this new method.
Introduction
Nowadays, pipelines have become ubiquitous for natural gas transportation. Therefore, natural gas pipelines play a vital role in modern enterprises and economies. However, leakage from natural gas pipelines occurs due to inevitable factors such as pipeline aging, erosion, natural disaster, and third party intrusion. Without proper and immediate fixing, leakage can lead to serious pollution and the danger of explosion due to the poisonous and explosive properties of natural gas. Therefore, effective ways to detect the exact position of leakage accidents are important, so that losses and danger can be greatly reduced.
Over recent years, the number of techniques for leak location of natural gas pipeline has been grown [1] . Presently, methods based on control theory and signal processing are popular, such as the methods based on model detection, pressure gradient, and methods based on negative pressure waves [2, 3] . With the advantage of quick response speeds, the negative pressure wave method based on pressure sensors is the most widely used leak location technology [4] . However, the installation of pressure sensors required for this method necessitates localized deconstruction of the pipeline. So pressure sensors are usually installed at input and output points of a pipeline and seldom anywhere in between. This leads to large signal attenuation and interference, leading to high rates of false alarms whilst reducing the precision of locating algorithms. In addition, the traditional leak location formula often assumes that the propagation velocity of the negative pressure wave and the velocity of natural gas in the pipeline are constants, even ignoring the velocity of natural gas. This does not match with the actual situation and will inevitably result in a large positioning error. Therefore, research is required into developing an improved method to overcome these shortcomings.
Distributed fiber optical sensors have been widely used for leak detection and location of natural gas pipeline [5] [6] [7] . The simple principle of this method is that a leak in a natural gas pipeline will lead to temperature variation or vibration, which can be detected by a distributed fiber optical sensor. The position of leakage point can be obtained by processing the captured signal. Temperature variation or vibration can be caused by other factors such as environment temperature change or random vibration of fiber optical. Thus vulnerable to interference and high false positive rate are main drawbacks of this method.
Fiber Bragg grating (FBG) sensor offers a number of advantages over traditional sensor, including immunity to electromagnetic interference, being light weight and durable, having small size, incorporating multiplexing capabilities, and is easy to install [8] [9] [10] [11] [12] [13] [14] . Due to the above attractive application features, FBG sensors have been playing an increasingly important role in the sensing community and have been widely used in structural health monitoring, damage detection, aviation, and other fields [15] [16] [17] [18] [19] [20] [21] . However, FBGs have not been extensively adopted in natural gas pipeline leakage location. While a kind of swellable polymer based FBG strain sensor has been proposed for oil pipeline leak detection and location [22] . The main component of natural gas is methane, the chemical properties of methane are very stable, and only a scarce number of polymer types swell when encountering methane. Therefore, this method is not suitable for natural gas pipeline. It is necessary to develop a FBG sensor applicable to natural gas pipelines.
In this paper, firstly, a modified leakage location formula was proposed based on the principle of negative pressure wave location, and Compound Simpson formula and Dichotomy Searching were employed to solve this formula. Secondly, a FBG based strain sensor for collecting the negative pressure wave signals was developed and experimentally tested. Finally, in order to get accurate time difference for that formula, a wavelet transform method was demonstrated to identify the pressure drop point within the FBG signals.
Modified Leak Location Formula

Principle of Negative Pressure Wave Leak Location and
Traditional Leak Location Formula. When leaks develop in a natural gas pipeline, the gas density near the leaking point will decrease rapidly. This phenomenon results in a negative pressure wave, which propagates through the pipeline from the leak point. Pressure sensors installed upstream and downstream can collect such negative pressure wave signals. According to time difference for detected signals and propagation velocity in the medium, the exact position of the leakage can be calculated [23] . The principle for negative pressure wave propagation is now described, in relation to Figure 1 .
In regard to Figure 1 , assume that the distance between two sensors is , the propagation velocity of negative pressure wave in the pipeline is V, the distance between the leak point and upstream sensor is , the times when the wave is detected by the two sensors are 1 , 2 , and the velocity of natural gas in the pipeline is .
As the pipeline diameter and gas transportation velocity increase, the velocity of natural gas cannot be ignored compared with that of the negative pressure wave. With the velocity of natural gas taken into consideration in our study, the relations between the length and time variables can be developed as follows:
The distance between the leak point and upstream sensor can be obtained from (1):
Equation (2) is the traditional leak location formula.
Modification of Leak Location Formula.
The traditional formula assumes that the propagation velocity of the negative pressure wave, V, and the velocity of natural gas in the pipeline, , are constants. In fact, V and are related with the temperature, pressure, density, and specific heat of the surrounding medium, and the formulas of these two velocities can be obtained by thermal and hydraulics analysis. Treating the propagation velocity of the negative pressure wave and natural gas as variable parameters, the leak location formula can be rewritten as
Since the expressions for V( ) and ( ) are complex, the integral above is not a simple definite integral. Therefore, numerical integral was chosen for determining 1 , 2 . The Compound Simpson formula was employed to calculate the variable integral as given above.
As can be seen from the above equations, if a value for the leak position, , is assumed, the propagation velocity of negative pressure wave V( ) and the velocity of natural gas in the pipeline ( ) can be calculated. Finally, the time difference Δ can be determined, from which the leak position can be improved. This is a recursive formula, as cannot be solved deterministically. Therefore, a Dichotomy Searching was employed to solve this problem. 
where = + ℎ ( = 0, 1, . . . , ) and ℎ = ( − )/ , which is the step length. Equation (6) is the Compound Simpson formula. Using this formula to solve (3) and (4), the time difference Δ can be obtained as
] .
2.3.2. Dichotomy Searching. In order to locate the leaking point, Dichotomy Searching was used to determine . Dichotomy Searching is explained below in reference to Figure 2 . As shown in Figure 2 , the midpoint 2 of domain [ 0 , 4 ] is obtained to calculate ( 2 ), then ( 0 ), ( 2 ), and ( 4 ) are compared (in case of ( 0 ) < 0, ( 4 ) > 0). In order to use this method to calculate the leak position, a function ( ) is defined as follows:
Figure 2: Sketch map of the Dichotomy Searching.
The root of equation ( ) = 0 is just the leak position, and the flow chart of solving process is shown in Figure 3. 
Critical Factors of Follow-Up Work.
From (8), it can be clearly observed that the actual detection time difference plays an important role in leak location. Two critical factors for precise measurements of the time difference have been identified as follows:
(1) sensors that can be easily installed, such that the spacing between sensors can be kept small, (2) accurate identification of the pressure drop point ( 1 , 2 ) from the sensor pressure trace, as this directly influences the sensitivity and reliability of leakage locating.
The following two sections address these critical factors.
FBG Based Strain Sensor and Experiment
Principle of FBG Based Strain
Sensor. FBG based strain sensors are wrapped around the wall of a pipeline, as shown in Figure 4 . A change in pressure within the pipeline leads to its expansion or contraction with the hoop (circumferential) strain of the pipeline changing accordingly. The FBG strain sensors detect pressure changes within the pipe by sensing the hoop strain. The hoop strain within a pipeline system can be expressed as
where is the pipeline hoop strain, is the pipeline Poisson ratio, is the pipeline hoop stress, is the pipeline axial stress, and is the pipeline elasticity modulus. Using (9), a relationship can be derived to relate the hoop strain with the pipeline pressure and pipe wall thickness. First, it is assumed that the pipeline is infinitely long, so that axial stress can be neglected; that, is = 0. Meanwhile, as = /ℎ, the values for and can be substituted into (9), which gives
where is the pressure in the pipeline, is the pipeline internal radius, and ℎ is the pipeline wall thickness. As seen from (10), as the pressure in the pipeline changes, the pipeline hoop strain also changes linearly. Therefore FBG based strain sensors can detect the pressure variation by monitoring the hoop strain of the pipe wall.
Experimental Setup.
The proposed methodology for detecting and locating gas pipeline leakage was tested on an experimental pipeline. The schematic for this gas pipeline is shown in Figure 5 (a). Two air tanks and a section of pipeline were used to simulate a realistic gas transfer main. The pipeline in this experiment is made of steel, with a diameter of 273 mm as frequently used in practice. The pipeline length was 11 m due to lab space limitations. A leak point was simulated by manually opening valve at locations. As shown in Figure 5 (b), a rotameter was located at the leak point for measuring the leak rate, and two FBG strain sensors (L1, L2) were installed. Briefly, the experimental process followed these steps: First, air is compressed into air tank 1 by air compressor. Air tank 1 plays the role of stabilizing the pressure in the pipeline. Second, when the pressure is stable, a valve is opened to simulate a leak in the pipeline. In the meantime, all the sensors gather data.
Experimental Results.
The signals from FBG based strain sensors were captured to determine their ability to sense negative pressure waves caused by sudden leaks. A leakage was simulated by opening the valve at the leak point as shown in Figure 6 (a). Sensors set upstream and downstream collected the hoop (circumferential) strain response, and the pipeline pressure was calculated from this signal. As seen in Figure 6 , the pressure was steady before the leak occurred. A sudden pressure drop developed in the waveform that resulted from the leak. Because the duration of the leak was limited, so the pipeline finally returned to a steady but lower pressure due to the loss of gas. Furthermore, the waveforms recorded at L1 and L2 are similar, as shown in Figures 6(a) and 6(b); this was expected due to the propagation of the negative pressure wave on either side of the leak. These results indicate that the FBG based strain sensors can accurately detect the negative pressure wave produced by leakage events.
Identify the Pressure Drop Points Using Wavelet Transform
Definition of Wavelet Transform.
The wavelet transform method was used to find the sharp transition in the FGB trace, corresponding to the movement of the negative pressure wave passes through the FBG sensor location. This method was used because this method can scale up the signal to find the sharp transition simply. The definition of wavelet transform for a function ( ) is given in [24] [25] [26] ( , ) = ∫ ( )
In this equation, , , and are continuous variables, which is also the reason why (11) is called the continuous wavelet transform. If the wavelet coefficients are computed on all possible scales, the computational burden is large. With the consideration of practical feasibility in numerical computation and simplicity of theoretical analysis, wavelet transforms are normally discretized in practice. The relevant discrete wavelet transform is described by
Mathematical Problems in Engineering where , ( ) can be expressed in the following form:
In practice, wavelet in (13) is usually dyadic, which means that
The Application of Wavelet Transform and Positioning
Results. The wavelet transform maxima in modulus on all possible transform scales correspond to the positions where the signals have sharp transition [27] . So the singularity can be obtained by detecting the wavelet transform maxima. Further, the wavelet transform modulus of real singularity is almost fixed value on all scales. In contrast, the modulus of faked singularities is inversely proportional to the scale. Consequently, it is reasonable to determine the real singularity by using this property. However, the detection of singularity is more accurate on a small scale, but this process is likely to be interrupted by noise, As a result, the faked singularity may appear. On the other hand, in the large scale, although noise has little influence on the detection, the deviation between the real singularity and the detective one is large. Since practical pressure signals are mixed with noise even after filtering, it is beneficial to consider multiscale transforms to find the real singularity. Therefore, this study used the following procedure to determine the location of singularities. Firstly, the approximate range wherein the singularity was located was determined by large scales. Secondly, the real singularity was located within this range by taking advantage of the small scales.
In this experiment, the negative pressure wave was produced by opening a valve to simulate a leakage, and the magnitude of the pressure wave was measured by FBG based strain sensors over time. The FBG sensors trace at L1 and L2 were chosen to calculate the leakage position, and the distance between them is 8 m. The denoised signals at L1 and L2 are shown in Figure 7 . The pressure drop points at both L1 and L2 are marked in Figure 7 , and these points were used to determine the time difference using the methodology as describe above. Figure 8 shows the wavelet analysis of the signal measured at L1 and L2. The pressure drop points in Figure 8 are the singularities. In Figure 8 in the detail signal, and this phenomenon also happens when the scale is less than 8. On the other hand, as the scale increases, the fake singularities are become less frequent, and the real singularities become more conspicuous, although singularity deviation may happen. Taking advantage of the multiscale transform, the singularities can be identified; therefore, the difference between the arrival time of the negative pressure wave between L1 and L2 can be determined. For this case study, this time difference was calculated to be Δ ≈ −1.24 × 10 −4 s. By substituting this value of Δ into (8), the distance between the leak point and L1 was calculated as = 3.98 m, whilst the actual distance was 3.6 m, yielding an absolute error of 0.38 m and a relative error of 4.8%. Because the distance between L1 and L2 in this experiment is very short (8 m), 1 and 2 are very similar, so small deviations in determining Δ cause large errors in relative positioning accuracy. However, this limitation would not apply to systems where the distance between L1 and L2 were greater as would be the case in practice. Therefore, the authors have reason to believe that this method can locate the leakage with good accuracy.
Conclusion
At present, the negative pressure wave method based on pressure sensors is the most widely used leak location technology. In this study, this method is enhanced through incorporating the variation of negative pressure wave and natural gas velocities into the negative pressure wave leak location formula. The Compound Simpson formula and Dichotomy Searching were employed to solve this modified formula. In order to overcome the installation difficulty of traditional pressure sensors, a FBG based strain sensor for collecting the negative pressure wave signals was developed and experimentally tested. Compared to conventional pressure sensors, FBG based strain sensors have favorable properties, such as high sensitivity, cheap cost, and ease of installation. Furthermore, a wavelet transform based method for identifying the pressure drop points within the FBG signals was proposed to calculate the leak position. Utilizing the above methods to calculate the leak position, an absolute error of 0.38 m was obtained in this experiment. This result demonstrated good positioning accuracy using this improved method.
